The common pathway of aromatic biosynthesis is concerned with the synthesis of chorismic acid. Chorismic acid serves not only as an initial substrate for the enzymes of the three terminal pathways synthesizing tyrosine, phenylalanine, and tryptophan, but also as an intermediate in the synthesis of a number of other compounds which will be referred to as aromatic vitamins. These compounds, which include folic acid, ubiquinone, vitamin K, and 2, 3-dihydroxybenzoic acid, are essential for the normal growth of bacterial cells. For example, mutant strains which fail to synthesize p-aminobenzoic acid, a precursor of folic acid, are unable to grow in minimal medium unless supplemented with paminobenzoate (9) . 2,3-Dihydroxybenzoate has been shown to be, under certain conditions, an essential growth factor for multiple aromatic auxotrophs with complete metabolic blocks, and, for maximal growth rate, should be included in the media (3) . The inability of a bacterial cell to synthesize ubiquinone results in its failure to grow on substrates such as succinate and lactate, and mutant strains blocked in the synthesis of phydroxybenzoate, a precursor of ubiquinone, exhibit maximal growth rates only if the media is supplemented with p-hydroxybenzoate (4) . Although mutant strains of Escherichia coli blocked in the synthesis of vitamin K have been isolated (4) , a well-defined requirement for this compound in these strains has yet to be demonstrated.
The aromatic amino acids control the rate of their own syntheses from chorismate by both feedback inhibition and repression of the enzymes of their respective terminal pathways (8) . Thus, in the presence of phenylalanine, tyrosine, and tryptophan, the three terminal pathways of amino acid biosynthesis are turned off. Chorismic acid does not accumulate under these conditions however, as the amino acids also exert a controlling influence at the level of the first reaction of the common pathway, the conversion of erythrose-4-phosphate and phosphoenolpyruvate to 3-deoxy-D-arabino-heptulosonic 7-phosphate acid (DAHP). In E. coli this reaction is carried out by three separate isoenzymes, referred to as DAHP synthetase (tyr), DAHP synthetase (phe), and DAHP synthetase (trp). The synthesis and activity of each one of these isoenzymes is controlled by a different aromatic amino acid (2, 6, 12, 14, 15, 16 aroF  aroG  aroH  sir  Shi  his  proA  argE   ilv   AB2825  +  +  +  +  lb  4  2  3  7  F-AB3253  +  365  367  +  1  4  2  3  7  F-AB3259  363  +  367  +  1  4  +  3  7  F-AB2891  363  365  +  +  1  4  2  3  7  F-AB3248  363  365  367  +  1  4  2  3  7  F-AB3257  363  365  367  712  1  4  2  3  7 F-AB259 + + + + 1 + + + + Hfr a The following symbols stand for structural genes concerned with various biosynthetic pathways: aro, the biosynthesis of chorismic acid; thi, thiamine biosynthesis; his, histidine biosynthesis; pro, proline biosynthesis; arg, arginine biosynthesis; ilv, isoleucine and valine biosynthesis; str, for a gene determining response to streptomycin; the mutant allele denotes resistance to this agent. The aroF is the structural gene for DAHP synthetase (tyr), aroG is the structural gene for DAHP synthetase (phe), and aroH is the structural gene for DAHP synthetase (trp) .
b Numbers refer to allele numbers allotted to mutant strains in this laboratory.
Growth medium. The medium used for the growth of cells was half-strength medium 56 described by Monod et al. (11) . Glucose or lactate was added as carbon source to a final concentration of 0.5%; thiamine and the amino acids histidine, proline, arginine, isoleucine, valine, and leucine were also included. In the present paper this medium will be referred to as minimal medium.
Buffers. The sodium phosphate buffers used were prepared by the method of Dawson Mating procedures. The conditions under which the conjugation experiments were carried out have been described (13) .
Growth of cells and preparation of cell-free extracts. When minimal medium was supplemented with the aromatic amino acids and vitamins, the concentrations used were as follows: L-tyrosine, 2.5 X 10-4 M; DL-phenylalanine, 5 X 10-4 M; DL-tryptophan, 2 X 10-4 M; p-aminobenzoic acid, 6 X 10-6 M; p-hydroxybenzoic acid, 6 X 10-e M; 2,3-dihydroxybenzoic acid, 5 X 10-5 M. Cells were harvested in the mid-exponential phase of growth, washed twice with chilled 0.9% NaCl, suspended in 0.1 M sodium phosphate buffer (pH 7.6), and disrupted by being forced through a French press at a pressure of 20,000 psi. Cell-free extracts, obtained by centrifugation at 21,600 X g for 20 min, were dialyzed for 2 hr at 2 to 4 C against 0.01 M phosphate buffer.
Growth of cells for growth rate experiments. The growth of cells in T-tubes shaken at 37 C was followed with time by measuring the optical density of the cell suspension with a Hilger Spekker colorimeter. Doubling times expressed in the test represent the time taken for the optical density (OD) to double during growth in exponential phase. These values were calculated from a plot of log2 (OD X 103) versus time.
Minimal medium, unsupplemented or supplemented as described above, was used. In all cases the cells used for the inoculation of T-tubes were grown in minimal medium supplemented with tyrosine, phenylalanine, and tryptophan, and were washed twice with half-strength medium 56.
Column chromatography. Chromatography was carried out with DEAE cellulose by the method previous described (13) .
Assay ofDAHP synthetaseand estimation of DAHP. The methods described by Doy and Brown (6) were used.
Protein estimation. Protein was estimated by the method of Lowry et al. (10) .
RESULTS
The growth rates of strain AB2825 in minimal medium, and in minimal medium supplemented with phenylalanine, tyrosine, and tryptophan with and without the aromatic vitamins, paminobenzoic acid (PAB), p-hydroxybenzoic acid (POB), and 2,3-dihydroxybenzoic acid (DHB) are shown in Table 2 . Strain AB2825, which is wild-type with regard to the DAHP synthetase isoenzymes, does not appear from these results to be starved for the aromatic vitamins as a result of the addition of-phenylalanine, tyrosine, and tryptophan to the medium.
In a previous publication (15), a mutant strain (AB3248) has been described which has mutations in genes aroF, aroG, and aroH; these genes code for DAHP synthetase (tyr), DAHP synthetase (phe), and DAHP synthetase (trp), respectively. Cell-free extracts prepared from this strain possess no detectable DAHP synthetase activity, suggesting that there are no more than three DAHP synthetase isoenzymes made by E. coli K-12. That this apparent lack of DAHP synthetase activity in vitro is a true reflection of the in vivo situation can be seen from a consideration of the growth requirements of strain AB3248. This strain, which will not grow in the absence of the aromatic amino acids, grew slowly with a doubling time of 1,125 min when phenylalanine, tyrosine, and tryptophan were added to the medium. If, however, PAB was added, the doubling time was reduced to 198 min. The further addition of POB and DHB resulted in an additional increase in the growth rate (doubling time, 123 min). These results are also shown in Table 2 .
It should be noted that when the inoculum was prepared from cells grown in the presence of the aromatic vitamins, the growth requirement for vitamins in medium supplemented with phenylalanine, tyrosine, and tryptophan was less marked. Under these conditions, the doubling times for AB3248 in the presence and absence of vitamins were 123 min and 280 min, respectively. Table 3 shows the effect of addition of the various aromatic vitamins to strain AB3248 when grown on lactate in the presence of phenylalanine, tyrosine, and tryptophan. It is clear from the doubling times that under these conditions strain AB3248 has a well-defined requirement for PAB, POB, and DHB.
The growth responses of the wild-type strain Repression of the DAHP synthetase isoenzymes by the aromatic amino acids. To measure the extent to which each one of the isoenzymes can be repressed by the aromatic amino acids, strains AB3253, AB3259, and AB2891 were grown in minimal medium either with or without added phenylalanine, tyrosine, and tryptophan. Cellfree extracts were prepared, dialyzed, and assayed for DAHP synthetase activity. From Table 4 , it can be seen that the maximally repressed value for each of the isoenzymes was different. Whereas DAHP synthetase (tyr) was reduced to an undetectable level by the inclusion of the aromatic amino acids in the growth medium, the level of DAHP synthetase (phe) remained high even under repressing conditions. Although the level of DAHP synthetase (trp) was considerably reduced by the addition of the aromatic amino acids to the growth medium, it was still synthesized in detectable amounts.
Growth characteristics of single isoenzyme strains. Although it is difficult to determine the extent to which feedback inhibition affects the production of aromatic vitamins in vivo, it is possible to examine the combined effects of inhibition and repression by testing the ability of strains possessing only single DAHP synthetase isoenzymes to grow in the presence of phenylalanine, tyrosine, and tryptophan. Strains AB2891, AB3259, and AB3253 were therefore grown with aeration in minimal medium, in minimal medium supplemented with the three aromatic amino acids, and in minimal medium supplemented with (Table 5) .
It can be seen from these results that, in the case of strains AB3259 and AB2891, the growth rate was not decreased by the addition of the three aromatic amino acids alone or further stimulated when the aromatic vitamins were added. In other words, even in the presence of the three aromatic amino acids, there is sufficient DAHP synthetase (phe) and DAHP synthetase (trp) activity, respectively, to account for vitamin synthesis. The slow growth rate of strain AB2891 in minimal medium probably reflects the limited extent to which DAIP synthetase (trp) can be derepressed.
In the case of AB3253, however, the addition of the aromatic amino acids to the medium slows the growth rate, and the doubling time increases from 132 min (in minimal medium) to 396 min. Further addition of the aromatic vitamins restores the doubling time to 132 min. In other words, the combined effect of repression and inhibition on DAHP synthetase (tyr) reduces its activity to less than the level required for tne synthesis of the aromatic vitamins.
The relative importance of each of the aromatic vitamins as growth factors in strain AB3253 can be seen by reference to Table 6 . In this case, the growth rate on lactate has been measured in the presence of the aromatic amino acids and vitamins. The addition of PAB alone reduced the doubling time from 936 min to 456 min. Further smaller reductions in doubling times resulted from the addition of DHB and POB to the medium. The doubling time for strain AB3253 which lacks DAHP synthetase (tyr) and which shows a requirement for PAB when grown in the presence of phenylalanine, tyrosine, and tryptophan. The simplest explanation for this finding is that in Neurospora crassa, in direct contrast to the situation in E. coli, vitamin synthesis depends entirely on DAHP synthetase (tyr) activity and not on either DAHP synthetase (phe) or (trp) (7) .
